Two new fast single radio bursts FRB 180924 and FRB 190523 well localized to massive galaxies have opened a new window to probe and characterize how cosmic baryons are allocated between galaxies, their surroundings and intergalactic medium. We are motivated by testing Einstein's weak equivalence principle with these two cosmic transients which have accurate redshifts. Using photons with different energies emitted by FRB 180924, we obtain, so far, the most stringent bound ∆γ < 2.16 × 10 −10 for non-repeating FRBs with accurate redshifts when only considering the gravitational potential of the Milk Way. If using the gravitational potential of the Laniakea supercluster instead of the Milk Way one, we also obtain the strictest bound ∆γ < 1.06 × 10 −14 to date. In light of rapid progress of FRB cosmology, towards the next two decades, we give an universal limitation ∆γ < 8.24 × 10 −22 from photons with different energies emitted by single FRBs with accurate redshifts. Moreover, we analyze detailedly the effects of various astrophysical parameters on the precision of weak equivalence principle. We also estimate the abilities of single FRBs with known redshifts to test the validity of swampland criterion, and to distinguish which value of H0 is preferred.
I. INTRODUCTION
In radio astronomy, a fast radio burst (FRB) is a transient radio pulse of length ranging from a fraction of one to several milliseconds, caused by some high-energy astrophysical process or engine not yet identified. Since firstly discovered by Lorimer et al. in 2007 [1] , FRBs have opened a new window for us to detect the unseen matter in the universe. As bursts of emission are dispersed and scattered by their passage through ionized material containing intergalactic and intercluster medium, they can potentially be used to detect, study and map the medium residing in a diffuse plasma surrounding and in between galaxies and galaxy clusters. With a subsequent series of events including two repeating ones [2, 3] , one can know more about the observational properties of FRBs and rule out many alternative astrophysical FRB models (see [4] for a recent review). In the past several years, the millisecondduration FRBs have been used to constrain the cosmological parameters [5, 6] and test the basic physical law, i.e., Einstein's weak equivalence principle (WEP) [8] , which is one of main pillars of general theory of relativity and can be simply stated as any freely falling, uncharged test body follows a geodesic independent of its internal composition and structure. It indicates that two different species of massless (rest mass is zero) neutral particles, or two particles belonging to the same specie with different energies, if emitted simultaneously from the same cosmic source and traveling through the same gravitational fields, should arrive at the earth at the same time. By measuring the small difference of arrival time of two different particles, one can test the precision of WEP via the well-known Shapiro time delay effect [9] .
After two important repeating events FRB 121102 and FRB 180814 are, respectively, observed by Spitler et al. [2] and Amiri et al. [3] , Bannister et al. [10] recently report a single one FRB 180924 well localized to a massive galaxy with a signal to noise ratio of 21 in one of the high Galactic latitude. This burst and its host have apparently different properties from the previous localized event FRB 121102. Based on the fact that the integrated electron column density along the line of sight closely matches models of the intergalactic medium (IGM), the discovery of FRB 180924 indicates that some FRBs are very clean probes to detect the baryonic matter of the cosmic web. Subsequently, very excitingly, Ravi et al. [11] also report another fast single radio burst FRB 190523 localized to a galaxy with a substantial low star-formation rate, which is a thousand times more massive than the host of FRB 121102.
In this work, our motivation is to test the accuracy of WEP by using these two new burst FRB 180924 and FRB 190523 with high-precision localization. Meanwhile, we notice that the background evolution of the universe is closely related to the accuracy of WEP. As a consequence, in light of recent 4.4σ H 0 tension (H 0 is Hubble constant) between the directly local measurement [12] and the indirectly global derivation under the assumption of Λ-cold dark matter (ΛCDM) model [13] , we attempt to test the effect of H 0 on the estimated accuracy of WEP. Subsequently, we also evaluate the impact of the recent proposed swampland criterion [14] , which distinguishes whether an self-consistent effective theory or physical phenomena is compatible with the prediction of string theories, on the precision of WEP. Furthermore, a comprehensive analysis of effects of different parameters on the accuracy of WEP are implemented.
This work is outlined in the following manner.In the next section, we introduce the analysis method, previous bounds on the WEP and data. In Section III, we give our results and implement a comprehensive analysis of effects of various parameters including H 0 and swampland constant λ on the accuracy of WEP. In the final section, discussions and conclusions are presented.
II. METHOD, PREVIOUS BOUNDS AND DATA
For cosmic transients including the radical FRBs, the total time delay ∆t obs observed by the telescope between two different energy bands should at least include contributions from the following five components:
where ∆t DM denotes the time delay from dispersed medium by the line-of-sight free electron content, ∆t ini the intrinsic emission time delay between two photons, ∆t spe the potential time delay from special-relativistic effects due to photons with nonzero rest mass, ∆t LIV time delay from Lorentz invariance violation, and ∆t gra the difference of the so-called Shapiro time delay between two photons with different energies passing by the gravitational field V (r):
where c is speed of light, r o and r e are positions of source and observer and γ 1 and γ 2 are parametrized post-Newtonian (PPN) parameters of two photons emitted by a FRB. In general, the WEP stands for all the metric theories of gravity, and indicates that test particles independent of species or energies should follow identical geodesics and share the same gravitational time delay. It makes all the metric theories of gravity give prediction:
, where subscripts denote two different particles. It is worth noting that the key of testing the accuracy of WEP is to distinguish whether ∆t gra = 0. Moving this test into cosmic platform, one can reasonably neglect contributions from ∆t spe and ∆t LIV in Eq.(1) [8] . By making an assumption ∆t ini > 0, one can easily obtain
where ∆γ ≡ γ 1 − γ 2 is to be confronted with data. Roughly speaking, the gravitational field V (r) consists of contributions from three components, i.e., host galaxy V HG (r), intergalactic medium V IGM (r) and our Milk Way V MW (r). Since a lack of knowledge of V HG (r) and V IGM (r), we just consider the V MW (r) and adopt the so-called Keplerian potential in the data analysis. Consequently, Eq.(3) can be simply expressed as
where G, b and D L (z) are, respectively, the gravitational constant, impact parameter of light rays relative to the Milky Way center and luminosity distance of a cosmic transient at a given redshift z. It is easy to see that the upper bound of ∆γ can be obtained if the quantities ∆t obs , D L (z) and b being related to a transient are given. It is necessary to review several important bounds on the accuracy of WEP during the past three decades. In light of similar estimation method, Longo [15] derived the first upper bound ∆γ < 1.6 × 10 −6 by using neutrinos (MeV) and photons (eV) emitted from the supernovae SN 1987A in the Large Magellanic Cloud. By measuring the time delay of a radar signal, Bertotti et al. [16] gave γ − 1 = (2.1 ± 2.3) × 10 −5 from the Doppler tracking of the Cassini spacecraft. Lambert and Le Poncin-Lafitte [17] obtained γ − 1 = (−0.8 ± 1.2) × 10 −4 by using the very-long-baseline radio interferometry to measure the deflect of light rays. By choosing a very special gamma ray burst GRB 090510, Gao et al. [18] extended the WEP test to photons with GeV energies and predicted ∆γ < 2 × 10 −8 . Applying the above analysis method in FRB 110220, Wei et al. [8] used an inferred redshift z = 0.81 acquire a relatively conservative limit ∆γ < 2.52 × 10 −8 . Using FRB 150814 localized to a galaxy at z = 0.492, Tingay and Kaplan [19] derived an upper bound ∆γ < 1 − 2 × 10 −9 . Very interestingly, after considering the effects of the potential fluctuations from large scale structure (LSS), Nusser [20] remarkably improved the accuracy by at least three orders of magnitude, and predicted ∆γ < 1.4 × 10 −13 and ∆γ < 2.4 × 10 −12 for FRB 150814 at the 2 σ and 3 σ confidence level (CL), respectively. In the next section, we will present our results from the latest fast single radio bursts FRB 180924 and FRB 190523. Here we shall describe in advance the observed data used in this analysis. FRB 180924 was detected with the Australian Square Kilometer Array Pathfinder (ASKAP) in lower-sensitivity searches at a frequency of 1152 MHz [10] .]] Rapid multi-wavelength follow-up revealed a fading radio source at J2000 coordinates RA = 21h44m25.255s and Dec = −40
• 54 00 .9 at z = 0.3214. The measured time delay between 1.18 GHz and 1.48 GHz is 0.4 s, and the impact parameter can be easily worked out b = 6.29 kpc. At z = 0.660, FRB 190523 was detected with the Deep Synoptic Array ten-antenna prototype (DSA-10) at a dispersion measure (DM) 760.8(6) pc cm 
III. RESULTS, SWAMPLAND AND H0 TENSION
In order to obtain the constraining results, the first step is adopting the reasonable assumptions, i.e., the vanilla ΛCDM cosmology, matter density ratio Ω m = 0.315, DE density ratio Ω Λ = 0.685, H 0 = 67.36 km s −1 Mpc −1 , and the relatively conservative assumption ∆t obs ∆t DM as Ref. [8] . The second step is estimating the effect of known redshift for a FRB localized to a massive galaxy on the accuracy of WEP. For FRB 180924, since we find that the errors in the DM of intergalactic medium DM IGM and other DM components are also of order 20% like FRB 150814 and even larger (see Fig.S5 in the supplementary materials of Ref. [10] ), we use the same analysis method as Ref. [8] to estimate the precision of WEP. If errors in these quantities of 5% − 10% magnitude masked gravitational time delays, the bound on ∆γ would be reduced by factors of 10 − 20. Therefore, we obtain the limitation ∆γ < 2.16 × 10 −10 for a factor of 20, which is, so far, the most stringent constraint from photons with different energies for a non-repeating FRB by only considering the gravitational potential of the Milk Way. Furthermore, if we consider the LSS effect, after some numerical calculations, we have the bounds ∆γ < 2.06 × 10 −13 and ∆γ < 3.53 × 10 −12 at the 2 σ and 3 σ CL, respectively. One can find that the choice of gravitational potential affects largely the accuracy of WEP. Following this logical line, we shall also estimate the precision of WEP for non-repeating FRB 180924 by replacing the Milk Way potential with a larger local gravitational field, the Laniakea supercluster, the mass of which is ∼ 10 17 M . Here we use the Great Attractor as gravitational center of Laniakea [22] . After working out the impact parameter b = 78.93 Mpc according to formula in Ref. [15] , we obtain the bound ∆γ < 1.06 × 10 −14 , which is also the strictest bound from photons with different energies for a single FRB by using the Laniakea supercluster to date.
FRB 190523 is also a FRB 150814-like event and they have the almost same observed DM and also relatively large DM IGM . Similarly, using the above analysis, we obtain the corresponding bound ∆γ < 2.55 × 10 −10 for a factor of 20. Similarly, taking the LSS effect into account, we have the limits ∆γ < 2.43 × 10 −13 (2 σ) and ∆γ < 4.17 × 10 −12 (3 σ). When using the Laniakea supercluster as the local gravitational engine, we derive ∆γ < 1.26 × 10 −14 . The bound ∆γ < 2.16 × 10 −10 for FRB 180924 also implies that ∆t gra < 0.02 s. In light of rapid progress of FRB cosmology, we think that this limit would be smaller and smaller and we shall give a relatively universal upper bound on the accuracy of WEP for a non-repeating FRB. During the next two decades, if astrophysicists could improve the accuracy of DM IGM from 20% to 0.1% (i.e., 0.025% − 0.05% of ∆t DM masked the gravitational delays), if they could detect the FRBs out to z ∼ 2, if the observed time delays can reach the level of ∆t obs ∼ 0.1 ms like the repeating burst FRB 121102 (∆t obs = 0.4 ms [23] ), which has a complex time-frequency structure, if the LaniaKea supercluster is used, and if millions of observed FRBs from all the directions over the sky make the impact parameter be b ∼ 0.01 kpc, we can obtain the universal bound ∆γ < 8.24 × 10 −22 from photons with different energies for all the single FRBs.
To understand this constraining method better, for the first time, we give a comprehensive analysis of the effects of various parameters on the accuracy of WEP ∆γ and the difference ∆T = ∆t obs − ∆t DM between gravitational delays caused by dispersed medium and observed time delays. Specifically, we take FRB 180924 in the gravitational field of Laniakea supercluster as an example to implement this analysis.
In the upper left panel of Fig.1 , fixing ∆T = 0.02 s, we find that the WEP accuracy ∆γ decreases very fast when z < 0.2 but at most one order of magnitude, and then tends to be flat out to high redshifts. This implies that, for FRBs with the almost same gravitational time delay, their WEP accuracy decrease relatively fast at low redshifts and increase hardly at high redshifts. In the upper right panel of Fig.1 , fixing ∆γ < 1.06 × 10 −14 , we find that, for FRBs with the same level of WEP precision, their gravitational delays will monotonically increase with z. In the lower left panel of Fig.1 , one can find that, for FRBs with the almost same gravitational delay, their WEP accuracy will increase fast with increasing distances to gravitational center of Laniakea supercluster. In the lower right panel of Panel (a) in Fig.2 shows that, for FRBs with same gravitational delay and close redshifts, their WEP accuracy increases very slowly with increasing λ, and the lower limit λ = 1 predicted by a self-consistent stringy DE models has a 5.79% effect on the WEP accuracy. Panel (b) tells us that for FRBs with same WEP precision, their gravitational delays slowly decreases with λ, and for a FRB 180924-like event, the validity of swampland criterion can be tested as long as its precision of gravitational time delay could be less than 5.48%. Panel (c) reflects that the current H 0 tension has a 2.53% effect on the WEP precision. Panel (d) indicates that this tension can be tested if the ratio of errors of measured gravitational delays for a single FRB with different energies of photons are smaller than 2.47%. We also exhibit the effects of EoS of DE on WEP accuracy and gravitational time delay in Panels (e) and (f), and find that ∆γ and ∆T do not have evident dependencies on the EoS of DE based current constraints [13] . In the future, we cannot improve the constraints on the EoS of DE until we are able to measure gravitational delays for non-repeating FRBs within a 0.09% accuracy.
IV. DISCUSSIONS AND CONCLUSIONS
Most recently, two fast single radio bursts FRB 180924 and FRB 190523 well localized to massive galaxies are discovered by two independent groups [10, 11] . It is such a big breakthrough since the first FRB is reported by Lorimer et al. in 2007 [1] . We are motivated by testing Einstein's WEP with these two new non-repeating bursts which have accurate redshifts.
Using two photons with different energies emitted by bursts, we obtain the bound on the precision of WEP ∆γ < 2.16 × 10 −10 by only considering the gravitational potential of the Milk Way. This is, so far, the most stringent constraint from photons with different energies emitted by a non-repeating FRB by only considering the Milk Way potential. If considering the potential fluctuations of LSS, we have the limits ∆γ < 2.06×10 −13 and ∆γ < 3.53×10 −12 at the 2 σ and 3 σ CL, respectively. Furthermore, when using the gravitational potential of the Laniakea supercluster instead of the Milk Way one, we derive the bound ∆γ < 1.06 × 10 −14 , which is also the strictest bound from photons with different energies emitted by a single FRB by using the Laniakea supercluster potential to date.Utilizing the same method, for FRB 190523, we obtain the upper bound ∆γ < 2.55 × 10 −10 , ∆γ < 2.43 × 10 −13 (2 σ) and ∆γ < 4.17 × 10 −12 (3 σ), and ∆γ < 1.26 × 10 −14 by considering the Milk Way, LSS potential fluctuations and the Laniakea supercluster as gravitational engines, respectively. Because of rapid progress of FRB observations, we also give an universal bound ∆γ < 8.24 × 10 −22 for single FRBs with accurate redshifts. It is also very interesting to test the so-called swampland criterion and H 0 tension using these two transients. We estimate the validity of swampland criterion could be tested as long as the precision of gravitational time delay from a single FRB with known redshift could be less than 5.48%. Meanwhile. H 0 tension could be distinguishable (i.e., which value of H 0 is preferred) as long as the accuracy of measured gravitational delay for a single FRB with known redshift could be less than 2.47%. The constraints on the EoS of DE could be improved unless we have abilities to measure gravitational delays for single FRBs within a 0.09% precision. This implies that we should measure the dispersion caused by intergalactic medium with a very high precision measurement.
Moreover, these two new localizations show that FRBs can originate in a diversity of environments, and give a challenge to the previously favored FRB engine model, namely magnetars, which are a type of highly magnetized, rapidly spinning neutron star. Since host galaxies of FRB 180924 and FRB 190523 cannot provide good star-forming environments unlike that of FRB 121102, the prevailing magnetar model needs to be reconsidered. We expect that more data coming soon can help us address this FRB puzzle and tell us how cosmic baryons are allocated between galaxies, their surroundings and intergalactic medium.
